The rock type used in the pilot study and the systematic experiments was a siliceous chalk (limestone) known as 'tuffeau', from the Saumur region of the Loire Valley, France, where it has been widely used as a building stone. This rock was used because its pore properties resemble those of frostsusceptible soil. The rock samples were sawn from an underground quarry where the rock at several meters depth was unweathered and lacked visible joints, in contrast to the rock within the upper few meters, which was pervasively fractured. Other large blocks of tuffeau stored for about 15 years in the laboratory show no visible sign of fracture development due to unloading. Because the samples used in the experiments were internally uniform, lacking visible evidence of stratification or any other macroscopic irregularities, we assume that any pre-existing tiny defects (microcracks) within them were uniformly distributed.
The experiments were conducted in two large cold rooms, one dedicated to bidirectional freezing, the other to unidirectional freezing. For bidirectional freezing, we installed 4 blocks within a metal tank and insulated them around their sides to minimize lateral heat conduction. The blocks froze initially from their surface downwards by circulating chilled air, to simulate permafrost aggradation. Thereafter, a basal cooling plate maintained subzero temperatures (permafrost) in the lower part of each block while the upper part was cycled above and below 0 o C, simulating 21 summer-winter temperature cycles in the seasonally thawed layer (active layer). During thawing cycles (summer) the upper part of each block thawed from the surface downwards as a result of warm, ambient room temperatures; and during freezing cycles (winter) it froze both from the surface downwards and from the permafrost table upwards, simulating bidirectional freezing of the active layer. The average duration of freezing cycles was 5.47 days (std dev. = 4.69 days), and that of thawing cycles was 12.87 days (std dev. = 9.33 days). Fortuitously, thawing cycles 18 and 19 in the permafrost experiments coincided with the European heatwave of summer 2003, when air temperatures in the cold room became unusually high, peaking at 26.3°C on day 315 (Fig. 1) . This resulted in deeper-than-average active layers at the end of both thawing cycles.
The unidirectional freezing experiments lacked the basal cooling plate used in the permafrost experiments but were otherwise similar. Six blocks of tuffeau were subjected to downward freezing, simulating 26 seasonal freeze-thaw cycles in seasonally frozen rock in non-permafrost terrain. The average duration of freezing cycles was 6.36 days (std dev. = 1.01 days), and that of thawing cycles was 9.49 days (std dev. = 6.58 days).
Different moisture conditions were maintained and monitored within the blocks in order to determine the effect of moisture content on ice formation, fracture development and rock heave (Table  S1 ). Water was sprinkled on the block surface during thaw cycles, to simulate summer precipitation. Unlike in the pilot experiment (5), unfrozen water was not supplied directly to the base of the active layer near the end of thaw cycles, in order to determine if ice lenses were localized near the water supply. Macrofractures and segregated ice were observed in the two wettest blocks subjected to unidirectional freezing, and in the two wettest blocks subjected to bidirectional freezing ( Fig. 3 ; Table  S1 ), indicating that ice segregation and fracture development increase with water content.
At intervals during the experiments the upper part of each block was examined visually to determine the timing and depth of macrofracture development. Each experiment took about one year to carry out. At the end of the experiments the blocks were frozen and extracted, still frozen, in order to measure rock fractures and observe ground ice. The blocks were sawn vertically in half, using a hand saw, in order to observe the center of the frozen blocks (Fig. 3H) . The fractures and ice distribution in the block centers were similar to those around the four vertical sides of each block. Measurements given to ± 1 standard deviation *Saturation = θ ut / water porosity measured under vacuum. AL denotes active layer; P denotes permafrost †Surface denotes water sprinkled onto rock surface during thaw cycles
The numerical model included a description of transient heat and mass (water) transfer coupled with the segregation ice-induced fracture model of Walder and Hallet (2). The energy balance equation in a porous, partially saturated freezing medium is
where ρ is density, Cp is heat capacity, T is temperature, t is time, k is thermal conductivity, L is latent heat, and I is ice content. The effective (eff) properties of the multiphase medium are volume averages of the constituents. Movement of liquid water was described using Darcy's Law with an effective permeability dependent on water-and ice-volume fractions
where m W is mass of water, A is area, κ 0 is permeability, η is dynamic viscosity, p W is water pressure, I´ is volumetric ice fraction (0-1) and γ is a constant. Previous measurements indicate κ 0 is approximately 10 -13 m 2 (5). Values of γ can range from 6 to 9 based on experimental measurement (S1). The unsaturated condition might be more accurately described using a form of Richard's equation; however, values for the additional constants are not available for the chalk considered here. More precise model agreement with experiments would require measurement of these constants in addition to γ, a difficult parameter to measure experimentally (S1).
Thermal boundary conditions on the block top and bottom were the hourly-recorded temperatures from the laboratory. Mass transfer boundary conditions were zero flux. The thermomolecular pressure gradient driving liquid water flow is a complicated function of temperature, temperature gradient, and pore size, as proposed by Gilpin (S2). The fracture model assumes coin-shaped cracks oriented perpendicular to the direction of freezing with a mode I stress intensity factor (S3) where w is crack width, G is shear modulus, and ν is Poisson's ratio. The shear modulus and fracture toughness were measured to be 1.4 GPa and 0.2 MPa m 0.5 , respectively. The crack growth velocity was described using a form of the Charles Power Law applicable for subcritical growth in geologic materials (S4)
where V is the rate of increase in crack length, K C is the fracture toughness, K S is related to surface energy of the crack, and b is an experimentally measured constant. The exponential nature of Charles Power Law results in rapidly accelerating growth. In the case of cyclic thermal conditions as considered here, the growth during a single cycle is almost always more than the cumulative growth of all preceding cycles. A further consequence of exponential growth is that the choice of initial crack length has little effect on the time at which complete fracture will occur. An initial crack length of 5 mm was used in these simulations, which probably represents the upper limit of an existing crack that would evade the unaided visual inspection of the surface. A possibly more realistic initial condition would be a randomly dispersed crack-size distribution throughout the block of a fractal dimension (S5).
However, the added complexity would obscure the discrimination between thermal regime effects and purely random effects of crack-size distribution, and extends beyond the aims of this investigation.
There is, however, a minimum initial crack length below which no further lengthening will occur. This critical value is a complicated function of geometry, rock material properties, solid/fluid interface thermodynamics, and subfreezing temperature. For the rock/water system considered here, the critical initial crack length is ( )
where T C is degrees Celsius below freezing. For example, at -5°C, only cracks longer than ~0.15 mm will grow by the segregation ice-induced fracture mechanism described here.
The coupled equations were solved using a commercial finite element package (S6) with a nonlinear, time-dependent solver in one dimension. A grid analysis for reproducibility indicated that 480 quadratic elements with a maximum time step of ~85 seconds was sufficient, although an adjustable time step was necessary for proper resolution during near-exponential crack growth.
SOM text
The numerical model results support the conclusion of Walder and Hallet (2) that crack growth requires a moderate subfreezing temperature: sufficiently cold to attain high intra-crack pressures but warm enough that the permeability is not overly restricted by ice content. Whereas Walder and Hallet only investigated constant and monotonically decreasing temperature boundary conditions, the use of experimentally obtained cyclic boundary conditions gives insight into the water redistribution within the rock. The cyclic thermal regime used here also required consideration of the thaw and depressurization of existing cracks, resulting in periodic crack pressurization with a decreasing magnitude ( Figure 4D ). Additionally, the distinctly different locations of maximum fracture caused by unidirectional and bidirectional freezing only become evident when a cyclic thermal regime is imposed. Both this model and that of Walder and Hallet utilize the Charles Power Law form of crack growth (S4), which is supported by experimental observations but only loosely based on fundamental thermodynamics. A truly unified theory of segregation ice-induced fracture may require a more fundamental model of the fracture network based on intermolecular bonding forces (S5). S1. K. Horiguchi, R.D. Miller Permafrost: Fourth Int. Conf. Proc. 498 (1983) . S2. R. R. Gilpin Water Resour. Res. 16, 918 (1980) . S3. I. N. Sneddon, M. Lowengrub Crack Problems in the Classical Theory of Elasticity (Wiley, New York, 1969) . S4. P. Segall J. Geophys. Res. 89, 4185 (1984) . S5. M. Sahimi, Flow and Transport in Porous Media and Fractured Rock (VHC, Weinheim, 1995) . S6. Comsol Multiphysics Users Guide v. 3.2a (2005) .
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